This paper provides an overview of the history and funding of bioinformatics training in the USA, and summarises some of the challenges and key features associated with bioinformatics training programmes at PhD level. The paper includes compilations of current PhD bioinformatics training programmes and sources of funding.
INTRODUCTION
The last ten years have seen an explosion of high-throughput technology in the biological and chemical sciences and advances in computational capabilities for large-scale analysis. As a result, enormous quantities of data can quickly be generated and need to be organised, analysed and retrieved. 1 Bioinformatics is the discipline that has emerged to meet this need.
Initially, bioinformatics was driven largely by advances in genomics and sequencing technology. However, most research areas -including structural biology, proteomics, combinatorial chemistry, neurobiology, pharmacokinetics and drug discoverynow rely on bioinformatics. Thus it is necessary to broadly define the 'bio' in bioinformatics before discussing bioinformatics training. Perhaps the simplest definition was stated by David Botstein: 'Bioinformatics is a sort of code word for biologists having to deal with very large amounts of information'. 2 The National Institutes of Health (NIH) offers a more detailed definition of bioinformatics as: 'Research, development, or application of computational tools and approaches for expanding the use of biological, medical, behavioral or health data, including those to acquire, store, organize, archive, analyze or visualize such data'. 3 A more complete listing of references that discuss the definition of bioinformatics can be found at the University of Minnesota bioinformatics web site. 4 A distinction is made between bioinformatics and computational biology, which is defined as: 'The development and application of dataanalytical and theoretical methods, mathematical modeling and computational simulation techniques to the study of biological, behavioral and social systems'. 3 In reality, bioinformatics and computational biology are on a continuum, requiring many of the same skills, and many training programmes encompass both areas. Although for brevity I will mainly use the term bioinformatics in this paper, I intend this term to be construed in its broadest meaning. Medical informatics training, which targets healthcare professionals and addresses issues of medical practice, education and administration, will not be addressed, although some training programmes encompass both bioinformatics and medical informatics.
Many individuals who first applied bioinformatics to biological problems were self-taught. However, the demand for bioinformaticists rapidly outstripped the supply. Recent articles have highlighted the dearth, both in industry and academia, of bioinformaticists. 5, 6 Thus, the need to train scientists whose primary professional identification and disciplinary affiliation is in bioinformatics must be addressed effectively at all levels, from college undergraduates to graduate students and postdoctoral fellows. In this paper I will focus on bioinformatics training at the PhD level, the level that probably is changing most quickly and that poses unique challenges.
HISTORY OF TRAINING IN BIOINFORMATICS
As the critical need for training in bioinformatics grew in the mid-1990s, the initial efforts were focused on Master of Science (MS) programmes, 7 on certificate programmes that provided short-term training in bioinformatics in conjunction with other degrees, and on postdoctoral fellowships. The MS programmes, generally of one to two years' duration, offered courses and research internships that helped train a cadre of students who could begin to fill the immediate need in industry and function as part of a research team. One funding organisation, the Sloan Foundation, first supported postdoctoral fellows, and then in 1999 began providing funding for professional MS degree programmes in bioinformatics and computational biology. Some institutions, such as the University of Pennsylvania and Boston University, started comprehensive training programmes at multiple levels, including undergraduate, MS, PhD, postdoctoral and certificate, driven in part by a research focus in genomic sciences.
At the last count there were approximately 50 programmes in the USA that offer either an MS track or degree in bioinformatics. [8] [9] [10] [11] However, it has only been in the last five years that most bioinformatics PhD programmes have appeared and that support from funding agencies has become available. Whereas many MS or postdoctoral fellowship programmes emphasise a curriculum of individual courses in either the biological sciences or math and computer science to complement the undergraduate or graduate background of the trainee, a PhD programme must be more comprehensive. It must go beyond courses or short-term research internships to offer an integrated programme of crossdisciplinary training that will prepare a scientist for independent research in an academic or non-academic setting. A PhD programme must also bridge the culture and the science of biomedical research, bioinformatics and computational biology.
A number of web sites offer compilations of current graduate and postgraduate training programmes. [8] [9] [10] [11] An examination of these sites indicates that they rapidly become outdated. Table 1 gives a current listing of PhD training programmes based on these web sites and on a poll I conducted of the Association of American Medical Colleges' listserv of graduate institutions. 12 Only those institutions that have web sites describing training programmes are included, although there are additional programmes that offer a more ad hoc training experience, and undoubtedly there are some programmes that I have overlooked. 
SUPPORT FOR BIOINFORMATICS TRAINING
The availability of training grants from the NIH and the National Science Foundation (NSF) has been an important factor in the development of PhD training programmes in bioinformatics and computational biology. These funding sources have not only provided the resources to subsidise the substantial cost of a training programme that takes five years or longer, they have also helped to While programmes were developing in the specialised areas of genomic sciences and medical informatics, there was a clear need for broader training at the predoctoral level that would include the use of theory, computer implementation and application to the full spectrum of basic research in the biomedical sciences. In 1998 and 1999, the National Institute of General Medical Sciences (NIGMS), which supports nearly half of all institutional predoctoral training programmes funded by the NIH, convened a series of workshops to consider the future needs of biomedical research training in the USA 13 and focused on bioinformatics and computational biology.
14 The result was a new grant programme to support PhD training in Bioinformatics and Computational Biology. The purpose of this programme was to encourage an interdisciplinary training environment for students coming from either a biological science background (with strong undergraduate training in quantitative skills) or a math/ computer science background, with the goal of training a cadre of scientists whose primary disciplinary identification is bioinformatics. The NIGMS has funded three predoctoral training grants under this programme, at Washington University in St Louis; the University of California, San Diego; and Stanford University.
The NSF also provides support for cross-disciplinary predoctoral training in bioinformatics through its Integrative Graduate Education and Research Training (IGERT) programme. The bioinformatics training programme at the University of California, Los Angeles is an example of one such programme. Table 2 lists funding agencies or organisations that support bioinformatics training at all levels, from undergraduate to early career development. While an effort was made to provide a current listing, these resources may rapidly change and become outdated. A comprehensive listing of NIH and NSF research and training funding opportunities, including individual fellowship and career awards, can be found on the NIH Bioinformatics Training webpage. 15 
CHALLENGES FOR PHD BIOINFORMATICS TRAINING PROGRAMMES
There are inherent challenges and obstacles to establishing an integrated and cross-disciplinary PhD training programme in bioinformatics. The principal challenges are as follows.
Faculty
The basic conundrum is that there is a dearth of research scientists, including faculty members, who are trained in bioinformatics, which is why there is a critical need for these training programmes. Thus the number of faculties who can assemble and teach a bioinformatics curriculum, and can mentor trainees, is sparse, and generally such faculty members are scattered among departments or programmes that traditionally have not interacted. This problem is exacerbated at medical schools that lack departments in math and the computer sciences. A strong institutional commitment is necessary to bring together a core faculty from disparate departments and to encourage an environment in which cross-disciplinary research and training can take place.
Students
The undergraduate students who enter bioinformatics programmes are likely to have diverse backgrounds. Training programmes need to have two scenarios for training students, one for students whose principal undergraduate background is in the biological sciences, and a second for students whose background is in computer science and mathematics. Students whose primary training has been in the biological sciences will require a strong set of quantitative skills in order to master a bioinformatics curriculum.
Programme
The scientific breadth of the programme must be defined. Scientific strengths vary at different institutions, and a decision will have to be made as to what areas of biomedical science (such as genomics, proteomics or structural biology) can successfully be integrated into a bioinformatics training programme. Any programme will need to address both the science and the culture of the disparate fields, and immerse students in both the theory and the experimental aspects of bioinformatics research. A flexible curriculum will be needed to ensure that students from each background can complete the PhD in a reasonable period of time (five years), while acquiring core competency in the biological and computer sciences.
Culture
The different cultures of the biological sciences and the computer sciences must be bridged to establish a bioinformatics identity that students and faculty can embrace, and to ensure that biological scientists, computational scientists and bioinformaticists can communicate with each other.
Career pathways
There are career opportunities in both the academic and non-academic sectors, and students should be advised of the rewards of each. Because of the attractive job opportunities in the private sector, another challenge will be to avoid the attrition of students who are lured to nonacademic positions prior to completing the PhD.
The curriculum needs to be flexible and integrated
There is a dearth of bioinformatics' faculties to train students Biological and computational scientists must learn to communicate with each other Strong institutional commitment is needed to build and coalesce a bioinformatics training faculty Two scenarios are required to train students from different backgrounds
The challenge is to channel bioinformaticists to academia as well industry
FEATURES OF PHD BIOINFORMATICS TRAINING PROGRAMMES
Many of the important features of an integrated training programme in bioinformatics and computational biology are a logical consequence of the challenges noted above. Clearly there must be an emphasis on a programme of study, rather than simply a set of courses. The Report of the NIGMS Ad Hoc Bioinformatics Training committee 14 and two recent editorials 16, 17 summarise many of these features, including:
• a collaborative infrastructure between biologists, computer scientists and mathematicians that involves faculty from a broad range of departments;
• a flexible curriculum and research programme that is tailored to the different backgrounds of the incoming students, yet can be accomplished in five years;
• rotations that expose students early in their training to the science and culture of the relevant disciplines that they did not study as undergraduates;
• a course curriculum that confers core competency in biomedical science, computer science, statistics and bioinformatics;
• research projects that address important biological problems;
• joint mentors from biological and computational disciplines;
• participation in forums, such as journal clubs, seminar series and scientific meetings, that foster student interactions and a common identity grounded in bioinformatics, while bridging the cultural and communication barriers between disciplines;
• internships that expose students to nonacademic research environments;
• career advising to ensure that students fully consider academic and nonacademic options;
• teaching opportunities and instruction in pedagogy to promote the training of future faculty members who can educate the next generation of bioinformaticists; and
• instruction in ethical issues that addresses the impact of computer technology on science and society.
The question of what a bioinformatics curriculum should cover is a matter of debate, but the basic elements should include instruction in algorithms, computer programming, database management, sequence alignment and analysis, and molecular dynamics, as well as training in statistics theory and methods. 18 A more detailed listing of potential core and elective topics can be found in an editorial by Russ Altman. 16 
FUTURE OPPORTUNITIES
The NIH Bioinformatics Training webpage lists a multitude of institutional and individual opportunities currently available at the NIH, the NSF and elsewhere, for training at the predoctoral, postdoctoral and more advanced career development levels. 15 Inevitably, the development of PhD training programmes will have an impact on training and curriculum development in undergraduate and master's degree programmes. In 1999, in a broad effort to develop biomedical computing research and training resources for the scientific community, the NIH launched the Biomedical Information Science and Technology Initiative (BISTI) and reported a series of recommendations to implement the BISTI goals. [19] [20] [21] The most recent report 21 focuses on bioengineering and bioinformatics research training, education and career development. This report identifies gaps in research training and career development at all levels, identifies obstacles that need to be There must be a programme rather than a set of courses to train bioinformaticists addressed, and encourages collaborative efforts between the NIH, the NSF and industry. The report recommends further development of opportunities for crossdisciplinary training focused on quantitative biology, computational biology and integrative systems modelling. Undoubtedly, training in bioinformatics will continue to evolve, and it is hoped that this training will eventually meet the growing need for bioinformatics teachers and researchers in industry and academia.
